Objectives: An increasing prevalence of HIV pretreatment drug resistance (PDR) has been observed in Africa, which could decrease the effectiveness of antiretroviral therapy (ART) programs. We describe our experiences, the costs and challenges of implementing an oligonucleotide ligation assay (OLA) for management of PDR in Nairobi, Kenya.
Introduction Antiretroviral (ART) delivery programs have been implemented across Africa and other resource-limited settings (RLS) during the past 10-15 years. Over this time, an increasing prevalence of HIV pretreatment drug resistance (PDR) has been observed, which could decrease the effectiveness of ART programs [1, 2] . In the past, transmitted drug resistance (TDR) and PDR became prevalent in epidemics of men who have sex with men and intravenous drug users in New York and Zurich, respectively [3, 4] , leading to the recommendation to test for HIV drug resistance (HIVDR) to guide selection of initial and subsequent ART regimens [5, 6] . In RLS, the use of drug resistance tests to guide the selection of ART regimens has been extremely limited because of the costs of reagents and the infrastructure needed to perform the assay [7] . An effective, affordable, and feasible strategy is needed to address the challenges posed by PDR [8, 9] .
Our group developed a low-cost point-mutation assay to detect HIVDR, known as oligonucleotide ligation assay (OLA), that requires relatively simple and inexpensive equipment. OLA is designed to detect 'major mutations' commonly selected by WHO-recommended first-line ART regimens based on nonnucleoside reverse transcriptase inhibitors (NNRTI). OLA has been shown to detect PDR among ARV-naïve individuals and selected or 'acquired' drug resistance (ADR) in women pretreated with single-dose nevirapine (NVP) associated with virologic failure [10, 11] . Analyses of a large number of genotypes from cases of transmitted drug resistance (TDR) in RLS confirmed that a point-mutation assay could detect a substantial portion of TDR/PDR [12, 13] .
The OLA uses polymerase chain reaction (PCR) to amplify a region of HIV pol and probes with 3 0 bases specific for the positions of interest that encode resistance or wild-type template. Ligation of probes that anneal adjacent to region of interest confers $100% specificity, with the relative proportions of mutant and wild-type variants subsequently detected by an enzyme-immunoabsorbent assay (EIA) [14, 15] . Previously, the OLA was successfully implemented for research purposes by laboratories in low-income and middle-income countries, including Thailand [10, 16] and Zimbabwe [17] . In 2013, OLA technology was transferred to the research laboratory at the Coptic Hope Center for Infectious Diseases (CHCID) in Nairobi, Kenya, to conduct a randomized clinical trial (RCT) to test for PDR to guide clinicians' choice of the initial ART regimen [18] .
Given the paucity of published reports analyzing the implementation of HIVDR testing for clinical management of PDR in RLS, we describe our experiences and the cost of implementing OLA for PDR management in one laboratory in Nairobi, Kenya, including discussions of quality control and problems that occurred while performing the assay.
Methods
Laboratory and clinical trial setting The OLA was setup in the research laboratory at the CHCID to conduct a RCTevaluating whether onsite use of OLA in individuals initiating ART would improve rates of suppression of viral replication [18] . Prior to establishing the OLA, the laboratory consisted of one 10.5 m 2 room equipped with a laminar flow hood, a water bath, two centrifuges, a refrigerator/À20 o C freezer and a À80 o C freezer. The Seattle Laboratory Manager (SLM) trained two Kenyan laboratory technicians. Training included a review of Good Clinical Laboratory Practices (GCLP) and instruction in 'standard operating procedures' (SOP) to perform the OLA.
Enrollment of participants into the RCT started in May 2013 and continued through November 2014. Prior to initiation of ART, peripheral blood mononuclear cells (PBMC) from enrollment blood samples of participants randomized to the OLA arm were isolated and tested by OLA for NNRTI resistance mutations K103N, Y181C, and G190A, and lamivudine mutation M184 V. The study protocol called for initiating protease inhibitor-based ARTwhen a mutant was found by OLA at a frequency of at least 10% of a participant's viral quasispecies.
Quality control of oligonucleotide ligation assay
The Kenyan laboratory was setup by the SLM who routinely performs our CLIA-certified OLA. Once the equipment was installed in Kenya, cloned wild-type and mutant HIV DNA standards used in the CLIA-certified OLA were evaluated and shown to perform as in the Seattle laboratory. After training, the technicians' competency in performing the OLA was assessed using a panel of blinded PBMC specimens previously tested in the Seattle laboratory. Ongoing quality control during the study included shipping of PCR amplicons generated from participants' pre-ART specimens to Seattle for repeat OLA testing and consensus sequencing, including all amplicons with HIVDR detected, those testing indeterminate by OLA (low or no signal for both the mutant and wild-type genotypes) and 20% of those testing wild-type. The detection and proportion of each mutant variant detected by OLA in each participant's HIV amplicon tested by OLA in Kenya vs. Seattle were compared for agreement (R 2 ).
Consensus sequencing was performed on the enrollment, month 12 and at times additional specimens from participants with virologic failure at month 12 of ART. Neighbor-joining phylogenetic trees were constructed of all sequences generated to check for potential mix-ups of specimens during sample processing or because of PCR carry-over contamination.
Cost analysis of laboratory set-up and testing
The cost of setting up the laboratory to perform OLA at the CHCID was estimated using records of equipment purchased in Seattle and sent to the site or bought in Kenya. The average cost of performing the OLA for each participant was estimated using the cost of supplies and labor used to assay specimens batch-tested in each run of the OLA. As most reagents and supplies were purchased in Seattle, supply unit costs were based on Seattle prices and included all steps of the OLA process: blood collection and separation, PBMC DNA extraction, PCR/gel, and OLA test.
Results
Laboratory preparation for oligonucleotide ligation assay testing in Kenya The existing research laboratory at CHCID was used to process and aliquot specimens and for administrative activities. Bench space to accommodate the equipment and to perform the OLA was limited, and there were no separate pre-PCR and post-PCR areas. To reduce the risk of 'carry-over' of PCR amplicons, the laboratory with the laminar flow hood, measuring 10.5 m 2 , was designated as the pre-PCR specimen-processing area, and an adjacent office measuring 5.5 m 2 was remodeled into a post-PCR laboratory. Newly purchased equipment necessary to perform OLA included a thermocycler, a gel box and power supply for electrophoresis, a camera, a spectrophotometer, and a plate washer. These were purchased in Seattle and shipped or transported to Kenya by travelers. Plastic-ware and basic supplies were purchased in Kenya. However, the probes, enzymes and other molecular reagents needed to perform DNA extraction, PCR, and the OLA, were either not readily available in Kenya or were significantly more expensive compared with buying in Seattle and shipping to Kenya. Thus, these were purchased in Seattle. The total cost of equipment needed to set-up the laboratory was $32 594 ( Table 1 ). The SLM traveled to Nairobi and spent 3 weeks at the CHCID setting up the laboratory, programming, and testing the equipment and training the Kenyan laboratory technicians to perform the OLA.
Training and educational background of Kenyan staff In January 2013, our SLM trained one Kenyan laboratory technician to perform PBMC separation, DNA extraction, PCR, agarose gel electrophoresis, and OLA. After training, she successfully performed the OLA SOP under the SLM supervision using specimens previously tested in the Seattle laboratory. In October 2013, the SLM traveled to Nairobi and trained a second technician. Prior to learning to perform OLA, one of the two technicians had received diplomas in medical laboratory sciences, and the other had completed a bachelor of science but had limited education in the theory and practice of molecular techniques. Neither of these two technicians had prior experience in molecular techniques. During 1.5 years of enrollment into the study, the SLM reviewed all OLA results and provided ongoing training, coaching, help with troubleshooting, and discussion of results during weekly Skype calls.
Laboratory workflow and cost of performing oligonucleotide ligation assay During the enrollment phase of the clinical trial (May 2013 to November 2014), the OLA was performed once weekly to batch-test an average of seven patient specimens (range 2-13). To perform each batch-test of specimens, the technicians spent 10 h of hands-on time, in Implementation of HIV resistance assay Duarte et al. 2303 addition to each round of a nested PCR lasting 2 h. Thus, the assay took 14 h from start to finish, performed over the course of 3 days (Table 2) . Using the batch-tested size of seven specimens, 10 h of labor, and average Kenyan technicians' wage of US$ 4/h, the cost of performing OLA was calculated at US$ 42/specimen (Table 3) .
Kenyan OLA data were emailed on Fridays to the SLM, who spent an additional 2 h of labor per run to review the data, send an e-mail with verified results and feedback, and hold a Skype call on Mondays. The purpose of the call was to provide further teaching and technical support. In Kenya, OLA results were used to generate a HIVDR genotype report for each study participant that listed the HIV codons evaluated by OLA and whether or not mutations were detected, along with an interpretation: 'no resistance, prescription of 1st-line NNRTI-based ART is indicated' or 'resistance detected, prescription of 2nd-line PI-based ART is indicated.' Following quality assurance review, the reports were released to the patients' clinicians. On the basis of this workflow, test results were available 10-14 days after a patient's blood sample was collected. The median time from enrollment to ART initiation, using the HIVDR report, was 18 days (range 11-159). During the trial, Kenyan laboratory technicians performed OLA and reported results on 492 pre-ART blood samples.
Oligonucleotide ligation assay performance in Kenya and quality control On two separate occasions, suboptimal performance of OLA led to month-long pauses in enrollment and testing of specimens. First, in late November of 2013, the OLA mutant standards signal suddenly diminished in intensity, decreasing the sensitivity for detection of mutants at low frequencies in a patient's HIV quasi-species. Enrollment was paused from 2-31 December 2013, to troubleshoot steps of the assay. Troubleshooting suggested that the locally purchased, double-distilled water was affecting performance of the wash buffers, so the source of water was changed. Also, new aliquots of all standards and ligation and detection reagents were sent from Seattle to Nairobi. These actions led to expected OLA performance parameters. The second pause occurred in August of 2014 when PCR-amplification failed for several specimens and analysis of PBMC DNA by agarose gel electrophoresis revealed degraded DNA. Contamination of isolated specimens with bacterial DNases was suspected. Study enrollment was paused between 2 September and 5 October 2014. During this time, the laboratory's surfaces and all equipment were thoroughly cleaned, including replacement of filters in the biologic safety cabinet and air conditioning ducts. Also, laboratory practices were extensively reviewed to minimize lapses that could lead to bacterial contamination. New DNA extraction reagents were sent from Seattle. Subsequently, DNA degradation was no longer observed.
The quality assurance of OLA results in Seattle, performed for all amplicons generated in Kenya that produced HIVDR or indeterminate OLA results in Kenya with a random selection of 20% of amplicons that produced wild-type results, showed that the proportion of each mutation detected at each codon in Kenya and in Seattle correlated closely (R 2 for K103N, Y181C, M184V, and G190A ¼ 0.88; 0.96; 1.00; and 1.00, respectively; Fig. 1 ). The mean absolute difference in the proportion of each mutation detected in Kenya vs. Seattle was 7.4% (range 0-65%), 4% (0-29%), 2% (0-4%), and 3% (0-6%) for K103N, Y181C, M184V, and G190A, respectively. There was one major outlier in which the absolute difference in the proportion of K103N detected in Kenya vs. Seattle was 65% (15 vs. 80%). Consensus sequencing of this amplicon did not detect this mutation suggesting that the proportion of K103N present was likely less than 20-25%. The 80% result in Seattle could be because of potential contamination of second-round PCR. Given the RCT cutoff threshold for prescription of protease inhibitor-based ART (i.e. mutant >10% an individual's quasispecies), it is important to note that only four patients were identified with at least 10% mutant by the OLA in Kenya (13-17%) who had less than 10% mutant in Seattle (5-9%). Discordant results in the opposite direction (<10% mutant in Kenya, but !10% in Seattle) were not found. One patient had resistance detected at 11% in Nairobi and was prescribed protease inhibitor-based ART; however, retesting of this sample in Nairobi and Seattle confirmed the original result was an error.
A neighbor-joining phylogenetic tree was constructed using consensus sequences generated from both the enrollment and month-12 time points from 472 participants. The phylogenetic analysis revealed 12 instances of potential mix-ups between patients' specimens either at the time of specimen collection, labeling or downstream processing. To better understand and resolve these errors, we carefully reviewed blood collection/ processing dates and PCR and OLA set-up sheets, and performed sequencing of additional aliquots of these samples and multiple other specimens from these patients as needed. The errors included five instances of mislabeling blood specimens processed on the same day in Kenya and one instance of PBMC mix-up during DNA extraction in Seattle. In addition, there were five instances where the wrong DNA was used for PCR and one instance of cross-contamination with PCR amplicon, but we were unable to determine which of these six mix-ups occurred in Kenya vs. Seattle. These errors caused one participant to incorrectly receive protease inhibitor-based ART at treatment initiation.
Discussion
Our principle findings are transfer of OLA technology to a Kenyan research laboratory, previously experienced only in collection and processing of blood, allowed local technicians to perform the OLA with test results comparable with the CLIA-certified OLA in Seattle; the OLA was performed on 492 trial participants at a cost of approximately US$ 42 per test and weekly batchtesting of specimens provided HIVDR results to Kenyan clinicians within 10-14 days of sample collection to guide choice of ART regimen at treatment initiation.
Although OLA was set up and performed successfully in Kenya, we encountered challenges in the implementation process. First, several important test reagents and supplies were not readily available in Kenya, which required us to transport supplies from Seattle. Development of a local, reliable and affordable supply chain would facilitate implementation of the OLA across multiple sites. Second, the laboratory space used for pre-PCR specimen processing was also used for administrative activities. This led to a high-traffic environment that may have distracted technicians, potentially leading to errors and/or specimen mix-ups. Other small laboratories could experience similar challenges. Use of barcode labeling and reinforcing GCLP could reduce the risk of errors occurring. Third, the cost per test was twice that projected because of slow enrollment of study participants and thus smaller specimen batches than anticipated. The version of OLA implemented in this study uses expensive streptavidin-coated 96-well plates, so it is better suited for laboratories with a higher volume of specimen testing than in the current study, in order to fully utilize the plate Implementation of HIV resistance assay Duarte et al. 2305 with each batch-test. The cost per test could be as low as $20 per test when making full use of each plate (36 samples/plate). However, to achieve this, our workflow would have required waiting for specimens to accumulate over several weeks, which would have unacceptably lengthened turn-around times.
Our experiences with problem-solving multiple issues related to OLA performance during the trial, such as degradation of extracted DNA, indicated that concepts central to molecular biology were new to our technicians.
To competently manage performance of this laboratorydeveloped OLA, one needs familiarity with molecular theory and techniques, and in our study, supervision from an expert was essential. Although remote supervision of the Kenyan technicians was effectively performed by our Seattle-based, highly educated and experienced laboratory manager, including weekly review of results and guidance for troubleshooting when assay issues were detected, this would not be practical for ongoing work.
Others have reported a paucity of technicians with training and experience in molecular concepts and laboratory practices in other sub-Saharan countries [19, 20] . In the absence of sufficiently trained technicians, laboratory tests could be simplified to better match current expertise.
Simplification of the OLA into the OLA_Simple kit is ongoing, with the current 'DNA version' requiring a total of 10 min of hands-on time, excluding isolation of CD4 þ cells from whole blood, which takes 40 min. Also, efforts are ongoing to simply and inexpensively extract RNA from whole blood for our 'RNA version.' The current version reduces the number of steps and needed equipment through use of lyophilized reagents in single-use PCR and ligation tubes and detection in paper strips [21] . Multiple other bioengineering groups are also developing simplified assays to detect HIVDR [22] . In addition to reducing the technician's effort, opportunities for errors, and turn-around time, the OLA_Simple kit addresses the currently unreliable supply chain of laboratory reagents in many RLS, by including all the reagents and plastic-ware needed to test a single specimen. In contrast to the equipment needed to set-up OLA in Nairobi ( This study has a few limitations. First, the generalizability of our study is limited by our implementation of the assay in only one laboratory. The study laboratory space and the education, experience, and level of laboratory technician turnover may differ from that at other HIV treatment centers. Second, as OLA was performed within the context of a clinical trial, the Seattle group was motivated to successfully troubleshoot problems with the assay, which may not represent a real-world setting. However, this work builds on the Thai, Peruvian, and Zimbabwean experiences that suggest that OLA is feasible in RLS [10, 16, 17] . Third, the applicability of our cost data is limited by our inability to access Kenyan price quotes for reagents and supplies, because of their very limited local availability. However, as we continue to simplify the test, we expect the OLA_Simple kit will have a reliable supply chain and require significantly less labor time and equipment. This should allow the cost of the test to be relatively low, ideally similar to other POC tests, approaching those of HIV self-tests and POC-CD4 þ tests [23, 24] .
If HIVDR testing were widely implemented in RLS, some experts have advocated for a centralized laboratory approach, using consensus sequencing, as a practical way to concentrate high levels of technical expertise and laboratory infrastructure and to increase economies-ofscale through high-volume testing [25] . In contrast, OLA can potentially be implemented using a decentralized laboratory approach, in small laboratories at or near the point of clinical care, and it offers a few advantages over consensus sequencing for HIVDR detection in RLS. First, the equipment, laboratory infrastructure, and expertise required by OLA is relatively simple compared with what is needed to perform consensus sequencing. Although some African research groups have developed laboratory-derived consensus sequencing genotypic HIVDR assays that are less costly compared with commercial assays [26, 27] , these assays still depend on sophisticated sequencing equipment that requires maintenance by trained technicians and is rarely available in laboratories in RLS. Second, the costs of equipment and supplies needed for OLA are substantially less than those associated with consensus sequencing, as the cost of a modern sequencer ranges from tens of thousands to hundreds of thousands of US dollars. Third, decentralized testing can reduce or eliminate the need for specimen transport and facilitate faster turn-around times. Importantly, although OLA was performed near the site of clinical care in this study, the turn-around time from sample collection to generation of results report (10-14 days) was only slightly shorter compared with consensus sequencing at a centralized research laboratory in South Africa (median 18 days), because of the need for batchtesting to reduce the cost of OLA per test [28] . However, the OLA_Simple kit that is currently in development is designed for single-use, which eliminates need for batchtesting to reduce costs, and it has the potential to provide short turn-around times, ideally while the patient waits for results.
Importantly, point-of-care tests do not inherently address all challenges in testing for HIVDR. Potential barriers to point-of-care testing include shortages in human resources, inadequate space, and inadequate supply chain quality control of kits to ensure they are not mishandled or improperly performed in the clinic [29, 30] . Once HIVDR kits are developed, further research will be needed to optimize their integration into clinic workflow [29] . It is likely that neither centralized nor decentralized testing are 'one-size-fits-all' strategies, and the ideal approach in any given setting will likely depend on multiple factors, including regional and local laboratory infrastructure, and workforce capacity.
In the future, widespread adoption of generic dolutegravir (DTG)-based ART as first-line in Sub-Saharan Africa should reduce the need for PDR testing. However, OLA and other assays may be useful for PDR testing of pregnant women (for whom rapid suppression of viral replication is indicated), young children (for whom DTG is not available at this time) [31] and at the time of virologic failure to differentiate between nonadherence and ADR. Further adaption of the OLA is needed for ADR testing, as the current version tests PBMC instead of plasma, and this provides suboptimal sensitivity for detection of HIVDR emerging at the time of virologic failure. Finally, although DTG monotherapy can select HIVDR [32] , the rate of DTG drug resistance when it is substituted for the NNRTI in patients with virologic failure and drug resistance to NRTI is not known. This latter scenario has implications for the utility of PDR testing within the context of switching to DTG-based regimens in RLS.
In conclusion, OLA was successfully implemented in a Kenyan research laboratory to perform PDR testing for a randomized clinical trial, providing test results to clinicians within 10-14 days of sample collection. The challenges we encountered, including unreliable local supply chains for laboratory reagents and the need for an experienced molecular biologist to troubleshoot assay problems when they arose, suggest that ongoing work to develop an OLA_Simple kit is essential for reducing barriers for future use in RLS. The kit will need to be available within a price range that is cost-effective, and more work is needed to learn how to integrate OLA smoothly into clinical workflows while providing short result turn-around times. If HIV treatment guidelines for RLS recommend HIVDR testing in the future, OLA offers a simpler, lower cost alternative to conventional consensus sequencing that can be performed at or near the point of care.
